(e.g., the Walker Circulation) by models than those using simple heating functions such as Webster (1972) and Gill (1980) . However, even the more advanced studies assume spatially and temporally uniform vertical heating profiles, even though it has been demonstrated that the structure of heating in precipitating cloud systems is highly variable (Houze 1982 In general, it is difficult to determine the vertical distribution of LH as it is not directly measurable and is, by necessity, a derived product. Furthermore, there is a general lack of high-resolution thermodynamic cloud structure information, which would be required to derive LH profiles over long periods of time and large spatial scales. LH variability is particularly high in the south-Asian monsoon region (SAMR),
where there is a conjunction of high sea surface temperature (SST) and the largest precipitation rates on the planet. In addition, the heating in the monsoon regions has an important influence on the global circulation through the generation of strong teleconnection patterns (Webster 1994; Webster et al. 1998 ). The SAMR is therefore chosen as the focus of the analysis for these reasons. The specific goal of this study is to examine the four-dimensional structure of LH over the monsoon region for the 1998-2006 period using the Tropical Rainfall Measurement Mission (TRMM) satellitebased data described in section 2.
An important large-scale feature of the monsoon system is the clustering of synoptic disturbances in periods lasting from 10 to 30 days, resulting in episodes of heavy rainfall and, conversely, periods of limited precipitation. These are referred to as "active" and "break" periods of the monsoon, respectively (e.g. Krishnamurti greater than the interannual variability and, in some regions, nearly as large as the annual cycle itself (Hoyos and Webster 2007) . From a physical perspective, our analysis focuses on exploring differences in the distribution of LH on timescales ranging from interannual to intraseasonal. This study also serves a technological purpose: the determination of the validity the TRMM CSH and 2A12 datasets in representing the characteristics of monsoon atmospheric heating.
The paper is organized in the following manner: Section 2 presents brief descriptions of the data. Section 3 describes the spatial and temporal variability of LH for the SAMR including comparisons between the TRMM-CSH and TRMM-2A12 datasets.
Section 4 presents a validation of the satellite-based LH estimates using independent field campaign data. Section 5 provides an overall summary and lists a number of conclusions.
CHAPTER II

DATA
LH estimates used in this study are derived from a combination of TRMM satellite retrievals and cloud resolving model (CRM) simulations (e.g., Kummerow et al.
1998
; Tao et al. 2006 ). In particular, the TRMM Microwave Imager (TMI) and the TRMM Precipitation Radar (PR), which have been providing the distribution of rainfall characteristics throughout the tropics since 1997, are the basis for two different LH datasets: the TRMM-CSH and TRMM-2A12. These two datasets arise from two independent algorithms: the convective-stratiform heating (CSH, and the Goddard profiling (GPROF) heating (Olson et al. 1999 , respectively.
The relationships between LH and the vertical distribution of hydrometeors, surface rainfall and the dynamics of mass exchange among cloud layers form the basis of these algorithms.
To obtain estimates of LH over tropical regions, the CSH algorithm uses surface precipitation rates, the percentage of its stratiform and convective components and the location of the observed cloud system. The foundation of the algorithm is a look-up (Houze 1993 ).
The second dataset is derived using a Bayesian approach with a database of hydrometeor profiles and their computed brightness temperatures (Olson et al. 1999 ).
In the algorithm, GCE simulations, coupled to a radiative transfer code, are used to generate a large supporting database of simulated precipitation/LH profiles and corresponding upwelling microwave radiances. For a given set of observed microwave radiances, the entire database of simulated radiances is scanned. The "retrieved"
profile is a composite of those profiles in the simulated database that are consistent The annual distribution of rainfall in the SAMR exhibits a maximum peak during • E-100 E) and (b) Australian (17 Figure 4 shows the latitudinally averaged LH profiles for the 1998-2006 extended summer periods (May through September) over the BoB, EIO, WG and Central India (CI) (i panels) together with their corresponding LH average profiles (ii panels).
Interannual variability
Larger LH values are observed in the BoB compared with those for the EIO, WG and CI regions. The BoB region (Fig. 4a, panel ii) has a single LH maximum at about 7 km in height. The EIO region (Fig. 4b, panel ii) , on the other hand, has an LH peak at the same level but with a lower level secondary maximum. The difference between these two profiles may be attributed to the regional predominance of different cloud is not the only modulator of LH variability. Intraseasonal variability emerges as an important internal modulator of the precipitation and interannual variations of LH.
As such, this internal modulation, which determines the magnitude of the largest summer LH release, could affect both regional and global circulation anomalies.
Intraseasonal variability
Although EIO rainfall is relatively constant during the year, and as such does not possess the distinctive seasonal cycle as found further north in the monsoon region, it is considered to be the principal source region of monsoon intraseasonal variability Figure 6 shows the mean summer LH profiles for the active and break monsoon periods. The out-of-phase dipole structure between the BoB and EIO is very apparent in the vertical profiles for both phases of MISO. Also, it is noteworthy that the amplitude of the intraseasonal variability (i.e., difference between the active and break profile) has a magnitude around 0.9 deg/hr in average comparable to the amplitude of the interannual variability (see Fig. 4 ). LH MISO anomalies peak over the BoB and EIO regions near 7 km. There is a secondary peak around 3 km that is more apparent over the EIO than BoB. The main difference between the active and break vertical LH profiles is the amount of heating in each phase. During the active phase there is considerably higher heating at upper levels over the EIO region with an incipient lower level peak. During the break phase (Fig. 6d ) the double peak is not as noticeable due to a considerable reduction in upper level heating while the lower level peak remains relatively constant. The permanence of the lower level peak suggests that orographic induced heating acts both during the break and active phases. The overall differences suggest that over the EIO region stratiform heating aloft is considerably higher during the active phase than during the break phase. For the BoB, both phases have peaks around 7 km associated with the larger and deeper systems usually located in this region with only differences in the magnitude, suggesting the main influence is the amount rather than the type of precipitation. 
Vertical distribution and time evolution of LH profiles
Comparison with TRMM-2A12 datasets
Average LH profiles
The TRMM-2A12 dataset is now compared with the TRMM-CSH results presented above. It is important to emphasize that comparisons between the two datasets are limited to oceanic regions because of the unavailability of TRMM-2A12 data over land. Figure 7 shows latitudinal averages and vertical profiles of LH for the BoB and Both datasets produce a dipole between the BoB and EIO regions, indicating that the TRMM-2A12 dataset also captures the intraseasonal signal present over the SAMR.
Intraseasonal variability
The main difference is that the TRMM-CSH variability has higher amplitude than the TRMM-2A12 constructions. 
Vertical distribution and time evolution of LH profiles
Figures 9a and 9d show the mean summer TRMM-2A12 LH profiles as well as the average active and break profiles. An out-of-phase dipole structure, similar to that found in Fig. 6 , is also found here with stronger and weaker heating during the active phase over the EIO and BoB regions, respectively. All of the profiles obtained from TRMM-2A12 have the same heating minimum around 5 km as discussed earlier.
However, there is a general correspondence in the magnitude of heating between these profiles and those obtained using the TRMM-CSH dataset shown in Fig. 6a,d . cycle is evident in all of the patterns. In addition, composites for the BoB region during the break phase (Fig. 9c) and the EIO region during the active phase (Fig.   9d ) also show the gradual build up of positive convective heating anomalies. Both datasets are able to represent the increase in condensational heating at lower levels in response to the moistening of the atmosphere prior to the development of deep convection as well as the occurrence of the disturbed period in terms of maximum LH. However, the unrealistic two-level peak in TRMM-2A12 may limit the use of this dataset. Figures 10b and c show the corresponding estimates of LH using the CSH and 2A12 datasets, respectively, for the same region and period used to compile Fig. 10a .
There is good temporal correspondence between the episodes of positive LH that occurred in periods 2 and 3 amongst all of the datasets. These periods correspond to active phases of convection accompanied by high precipitation. Satellite precipitation retrieval from the 3G68 TRMM PR product is also shown in Fig. 10b . Periods with rainfall in the satellite retrievals correspond to periods with valid LH retrievals in both datasets. In contrast, the observational cooling in period 1 and the stratiform heating/cooling in period 4 are not captured by the TRMM LH datasets. During period 1, corresponding to a dry phase as is evident in both satellite and in-situ rainfall measurements, the observed cooling is not captured by the CSH product because this is purely radiational and by algorithm design the CSH does not estimate radiational heating/cooling. In this case a radiation product is needed to fill this gap in the retrieval of total heating. During period 4, the budget captures latent heating by stratiform rainfall aloft that is not captured by the satellite products. The satellite products indicate zero latent heating in this period due to the lack of rainfall in the satellite retrievals. Figure 10 also shows the mean LH profiles for active periods 2 and 3. For these two periods the CSH profiles (Fig. 10e) represent the observed heating profiles quite well (Fig. 10d ) in terms of both magnitude and location of the LH peak (∼7 km height). The only significant difference is cooling aloft in period 2 that is not present in the CSH profiles and for which the LH retrievals indicate near zero values above 13 km. However, this cooling does not appear associated with evaporation and seems to be more related with a remaining clear-sky radiative cooling from the for different precipitation systems, will help improve these deficiencies.
